A new class of sorbents for the selective removal of arsenic(V) and selenium(IV) oxy-anions by Ramana, Anuradha
Lehigh University
Lehigh Preserve
Theses and Dissertations
1991
A new class of sorbents for the selective removal of
arsenic(V) and selenium(IV) oxy-anions
Anuradha Ramana
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Civil Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Ramana, Anuradha, "A new class of sorbents for the selective removal of arsenic(V) and selenium(IV) oxy-anions" (1991). Theses and
Dissertations. 5391.
https://preserve.lehigh.edu/etd/5391
A NEW CT,ASS OF SORBENTS FOR 
'rHE SELECTIVE REMOVAL OF 
ARSENIC(V) AND SELENIUM(IV) 
OXY-ANIONS 
by 
ANURADHA RA.MANA 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
• 
m 
Civil Engineering 
Lehigh University 
October 1990 
' i 
This thesis is accepted in partial fulfillment of the requirements for the 
degree of Master of Science. 
(date) 
' 
rof essor in Charge 
of De 
) 
.- -·· ... , ,-, .. :tr:·.., 
• 
' -· 
' I 
Acknowledgements 
Sincere thanks are due to my academic advisor, Dr. Arup K. Sengupta, 
Associate Professor, Dept. of Civil Engineering, Lehigh University, for his ideas, 
support and encouragement throughout this study. I would also like to express 
my gratitude to Dr. Irwin J. Kugelman, Chairperson, Dept. of Civil Engineering, 
Lehigh University, for his help and guidance. Thanks are also due to Mr. Zhu, 
Research Assistant, Dept. of Civil Engineering, Lehigh University, for lending 
me some of his drawings of resin structures, without which the illustration of 
the text would be incomplete. 
This study was made possible by partial funding from the USEPA, 
through Grant No. R-814674-0. 
Table of Contents 
Abstract 1 
1. INTRODUCTION 3 
1.1 TOXIC SUBSTANCES 3 
1.2 EXSISTING GUIDELINES AND STANDARDS 5 
1.3 AQUEOUS CHEMISTRY 5 
1.4 REMOVAL PROCESSES AND SHORTCOMINGS, 11 
1.5 NEED FOR SELECTIVE SORBENTS 13 
1.6 PREMISES OF THE STUDY 16 
1.7 OBJECTIVES OF THE STUDY 18 
2. PROCESS APPROACH 20 
2.1 LIGAND EXCHANGE INDUCED SORPTION: THE 20 
UNDERLYING CONCEPT 
2.2 CHELATING ION EXCHANGERS WITH NITROGEN DONOR 22 
ATOMS 
2.3 LIGAND EXCHANGE INDUCED SORPTION: A 25 
THERMODYNAMIC PERSPECTIVE 
3. EXPERIMENTAL PROCEDURES, MATERIALS AND 29 
EQUIPMENT 
3.1 MATERIALS: ION EXCHANGE RESINS AND REAGENTS 29 
3.2 PREPARA.TION OF SORBENTS 29 
3.3 SORPTION EXPERIMENTS 31 
3.4 FIXED BED COLUMN RUNS 33 
3.5 ANALYSIS METHODS 35 
4. EXPERIMENTAL RESULTS AND DISCUSSION 36 
4.1 EQUILIBRIUM SORPTION STUDIES AND COLU:MN RUNS 36 
4.1.1 STUDIES ON SELENITE AND ARSENATE REMOVAL 37 
4.2 SHORTCOMINGS AND CORRECTIVE MEASURES 76 
4.3 APPLICATIONS OF THE METHOD- SULFIDE REMOVAL 82 
5. CONCLUSIONS AND REMARKS 93 
5.1 BRIEF REVIEW OF THE CONDUCTED STUDY 93 
5.2 RESEARCH CONCLUSIONS 94 
5.3 REMARKS 95 
Appendix A. 97 
A.l SORPTION ISOTHERMS 97 
A.2 SEPARA.TION FACTOR 98 
Appendix B. 99 
B.1 LOWER ARSENATE AND SELENITE SELECTMTY OF DOW 99 
3N-Cu AS COMPARED TO THAT OF DOW 2N-Cu 
Appendix C. 102 
C.l COMPUTATION OF IONIZATION FRACTIONS 102 
Appendix D. 109 
• 1 \ 
D.1 THEORETICAL COMPUTATION OF SELENIUM UPTAKE 109 
References 111 
Vita 113 
•• 11 
\ 
Figure 1-1: 
Figure 1-2: 
Figure 1-3: 
Figure 1-4: 
Figure 1-5: 
Figure 1-6: 
Figure 2-1: 
Figure 2-2: 
Figure 2-3: 
List of Figures 
pE-pH Diagram For Arsenic 
pE-pH Diagram For Selenium 
Predominance Diagram For Sulfide 
pE-pH Diagram For The Sulfate-Sulfide System 
Effluent History For Column Run Using IRA 900 
Ion Chromatogram Showing the Order of Selectivity of 
Various Anionic Species 
Process Approach 
Chelating Functionalities with Multiple Nitrogen Donor 
Atoms 
Metal/Calcium Ion Separation Factors For DP-1, 
IRC-718 and DOW 3N. 
Figure 2-4: Mechanism of anion uptake by a chelating exchanger 
versus an anion exchanger. 
Figure 3-1: Experimental Set Up For Column Tests 
Figure 4-1: Comparison of Arsenate Uptake by DOW 2N-Cu And 
lRA900 
Figure 4-2: Comparison Of The Arsenate-Sulfate Separation Factor 
For DOW 2N-Cu And IRA 900 
Figure 4-3: Effluent History Plot For The Column Test Using IRA 
900 In The Chloride Form 
Figure 4-4: Effluent History Plot For The Column Test Using DOW 
2N-Cu 
Figure 4-5: Selenite-Chloride Isotherm For Dow 2N-Cu At pH 7.00 
Figure 4-6: Selenite-Sulfate Isotherm For DOW 2N-Cu At pH 7.00 
Figure 4-7: Plot Of Separation Factor Vs. pH For Selenite-Sulfate 
Interchange by DOW 2N-Cu 
Figure 4-8: Graphical Representation of Experimental and 
Theoretical Uptake of Selenium At Various pH Values 
ByDOW2N-Cu 
Figure 4-9: Comparison Of Selenite Uptake By DOW 2N-Cu And 
Copper Loaded IRC 718 
Figure 4-10: Comparison of Arsenate Uptake by DOW 2N-Cu And 
Copper Loaded IRC 718 
Figure 4-11: Comparison Of The Mechanism Of Anion Uptake By 
Copper Loaded IRC 718 and DOW 2N-Cu 
Figure 4-12: Comparison Of The Arsenate-Sulfate Separation Factor 
For DOW 2N-Cu And DOW 3N-Cu 
Figure 4-13: Comparison Of Selenite Uptake By DOW 2N-Cu And 
DOW3N-Cu 
Figure 4-14: Mechanism Of Anion Uptake By DOW 2N-Cu And 
DOW3N-Cu 
Figure 4-15: Effluent History Plot For The Column Test Using DOW 
3N-Cu 
Figure 4-16: Regeneration Plot For DOW 2N-Cu With 2% Ammonia 
Figure 4-17: Regeneration Plot For DOW 2N-Cu With 2% Ammonia 
••• ll1 
6 
8 
9 
10 
15 
17 
23 
24 
26 
. 28 
. ,.-
34 
39 
41 
44 
45 
46 
49 
52 
57 
59 
60 
61 
63 
64 
68 
69 
70 
71 
,., 
Figure 4-18: 
Figure 4-19: 
Figure 4-20: 
Figure 4-21: 
Figure 4-22: 
Figure 4-23: 
Composite Regeneration Plot For DOW 2N-Cu With 2% 
Ammonia 
Regeneration Plot For DOW 3N-Cu With 2% Ammonia 
Regeneration Plot For DOW 3N-Cu With 2% Ammonia 
" Set Up To Prevent Copper Bleeding In the Proposed 
Treatment Method 
Effuent pH Variation During Column Run With DOW 
2N-Cu As Sorbent 
Selenite-Bicarbonate Isotherm For DOW 2N-Cu At pH 
8.5 
72 
74 
75 
77 
78 
80 
Figure 4-24: Uptake Of Arsenate In The Presence Of Bicarbonate At 83 
Various pH Values 
Figure 4-25: Uptake Of Selenite In The Presence Of Bicarbonate At 85 
Various pH Values 
Figure 4-26: Proposed Method of Treatment of High Carbonate 87 
Waters With Arsenic And Selenium Contamination 
Figure 4-27: Sulfide-Sulfate Isotherm For DOW 2N-Cu At pH 10.00 89 
Figure 4-28: Sulfide-Sulfate Isotherm For DOW 3N-Cu At pH 10.00 91 
Figure C-1: Uptake Of Arsenate In The Presence Of Bicarbonate At 108 
Various pH values 
• lV 
, : • "fj 
List of Tables 
Table 2-1: Formation Constants for Relevant Copper Compounds. 21 
Table 8-1: Salient Features Of Ion Exchangers Used In This Study 30 
Table 4-1: Arsenate-Sulfate Separation Factor For DOW 2N-Cu At 40 
pH 8.5 
Table 4-2: Arsenate-Sulfate Separation Factor For IRA 900 At pH 42 
8.5 
Table 4-3: Selenite-Chloride Separation Factor For DOW 2N-Cu At 48 
pH 7.00 
Table 4-4: Selenite-Sulfate Separation Factor For DOW 2N-Cu At 50 
pH 7.00 
Table 4-5: Effect of pH on the Selenium-Sulfate Separation Factor 53 
For DOW 2N-Cu 
Table 4-6: Computation Table For K1 and K11 56 
Table 4-7: Arsenate-Sulfate Separation Factor For DOW 3N-Cu At 65 
pH 8.5 
Table 4-8: Selenite-Chloride Separation Factor For DOW 3N-Cu At 66 
pH 7.00 
Table 4-9: Selenite-Bicarbonate Separation Factor For DOW 2N-Cu 81 
At pH 8.5 
Table 4-10: Effect Of pH On The Arsenate-Bicarbonate Separation 84 
Factor For DOW 2N-Cu 
Table 4-11: Effect Of pH On The Selenite-Bicarbonate Separation 86 
Factor For DOW 2N-Cu 
Table 4-12: Sulfide-Sulfate Separation Factor For DOW 2N-Cu At 90 
pH 10.00 
Table 4-13: Sulfide-Sulfate Separation Factor For DOW 3N-Cu At 92 
pH 10.00 
Table C-1: Second Ionization Fraction For Arsenic Acid At Different 104 
pH Values 
Table C-2: Second Ionization Fraction For Selenious Acid At 105 
Different pH Values 
Table C-3: Third ionization fraction For Arsenic Acid At Different 107 
pH Values 
Table D-1: Theoretical Uptake Values For Selenium 110 
• 
V 
' 
,, 
Abstract 
Groundwater contamination by trace concentrations of arsenic(V) and 
. 
selenium(IV) is widespread. This poses a serious problem since arsenic and 
seleni11m are toxic and are on the USEPA's list of priority pollutants. 
groundwater is increasingly becoming a source of potable water, treatment for 
the removal of arsenic(V) and selenium(IV) oxy-anions, present at low 
concentrations, needs to be practised. 
Selective removal of trace concentrations of arsenic(V) and selenium(IV), 
in the presence of high sulfate and chloride concentrations, is a challenging 
separation problem. Conventional treatment techniques, such as coagulation 
and fixed-bed sorption using strong base anion-exchangers or activated alumina 
are not effective in this respect. 
In this study, synthetic chelating polymers with pyridine based 
functionalities were used in their copper loaded forn1s to selectively remove 
selenium(IV) and arsenic(V) oxy-anions. Sulfide removal by the sorbents was 
also studied. These tailored sorbents offered over an order of magnitude greater 
affinity for arsenate and selenite, compared to strong-base anion exchangers. 
The high selectivity of these resins toward trace concentrations of 
arsenate, selenite and sulfide anions, even in the presence of high sulfate and 
chloride concentrations, could be attributed to anion exchange accompanied by 
Lewis acid-base interaction. The high uptake of these species is related to the 
extremely low solubility products of their copper(II) compounds. The sorbents 
could be regenerated very efficiently with ammonia, thus enabling their 
repeated use over a number of cycles. 
In summary, conventional sorbents such as activated carbon, activated 
alumina and strong-base a·nion exchangers cannot selectively remove arsenic(V) 
" 1 
and seleni,1m(IV) oxy-anions in the presence of competing sulfate and chloride 
anions. This study identifies a new class of sorbents which can overcome this 
problem. 
The effects of process variables such as pH, nature and concentration of 
competing ions, and the composition of functional groups on arsenic{V) and 
I 
selenium(IV) uptake were investigated. A mechanistic model based on anion 
exchange accompanied by Lewis acid-base interaction can explain the effects of 
these variables satisfactorily. 
\, ~/' 
2 
Chapter 1 
TN1'R0DUCTION 
1.1 TOXIC SUBSTANCES 
Selenium and arsenic are toxic metalloids and are included in the 
USEPA's list of priority pollutants. Groundwater contamination by arsenic and 
selenium is fairly widespread. This poses a serious problem as groundwater is 
increasingly being used as a source of potable water. 
The major source of selenium in the environment is the weathering of 
rocks and soils but human activities also contribute about 3,500 metric tons per 
year1. Selenium is also acutely toxic to aquatic invertebrates and fishes. It is 
associated with uranium mining and has been reported in groundwaters, in 
mining areas, in Colorado, Arizona and New Mexico2. 
Arsenic is a common constituent of coals. Acid mine drainage in the 
Rocky mountains has been found to contain 6.0 - 22.0 mg/L of soluble arsenic3. 
Gold ore extraction wastes contain soluble arsenic at the level of 132 mg/L4. 
Consumption of water containing arsenic causes blackfoot disease. High 
content of arsenic (0.6 - 2.0 mg/L) in the drinking water in some parts of Taiwan 
is believed to be the cause of black-foot disease5• Severe poisoning is caused by 
the intake of 100 mg of arsenic. Consumption of water containing more than 0.2 
mg/L of arsenic, over a prolonged period can also cause chronic poisoning 
symptoms. 
Selenium and arsenic are believed to be potential carcinogens although no 
data has been obtained in support of their carcinogenicity. However, both 
arsenic and selenium have adverse and beneficial effects depending on the 
amount ingested. The maximum no-observed-adverse-effect level for arsenic in 
• 
water is less than 100 ug/L and for selenium is at least 100 ug/L though it could 
3 
be as high as 500 ug/L2. 
Arsenic and seleni11m occur in industrial process solutions and effluents 
posing a serious pollution hazard. Electroplating wastes contain 23 mg/Kg of 
selenium and incinerated mixed municipal waste contains 53 mg/Kg of selenium 
6
. Selenium is also used in stainless steel production and the glass and ceramic 
industry. Electrolytic refining of copper is one of the best characterised 
industrial sources of seleni11m wastewater. Arsenic and arsenical compounds 
have also been reported in wastewaters of the metallurgical industry and of 
glassware and ceramic production. Tannery wastes also contain arsenic in 
appreciable quantities. Dye, pesticide and herbicide manufacture also leads to 
the production of arsenic wastes. Deep-well waters in the desert areas of the 
southwest United States contajn arsenic at levels exceeding 0.1 mg/L7. 
In addition to arsenic and selenium, hydrogen sulfide is another 
contaminant commonly found in groundwaters. It is not toxic but is undesirable 
in drinking water due to its odor. Sulfates occur in most groundwater 
environments to for!¥ objectionable concentrations of hydrogen sulfide gas. 
Shallow wells are susceptible to surface water contamination, which may have a 
high concentration of organics. Thus shallow wells are prone to the problem of 
hydrogen sulfide formation - leading to odor problems8. Sulfides are formed by 
\. 
the anaerobic reduction of sulfates and organic matter into sulfides and 
bisulfides. Sulfides also promote the growth of filamentous sulfur bacteria, 
leading to a general degradation of water quality. 
4 
1.2 ExSISTJNG GUIDEI,TNES AND STANDARDS 
The U.S. Environmental Protection Agency has established a maximum 
contaminant level (MCL) of 0.01 mg/L for selenium and 0.05 mg/L for arsenic as 
part of the National Interim Primary Drinking Water Regulations (NIPDWR). 
Wastes leaching seleni11m in excess of 1 mg/L during the Extraction Procedure 
toxicity test are classified as hazardous. Using the same proportioning factor as 
-for selenium, the level of arsenic in leachate from the EP toxicity test is set at 5 
mg/L. Taste and odor standards exist for sulfide but it is not toxic to humans. 
The recommended levels of sulfide, in water, are species specific. It has been 
reported in literature that 0.4 mg/L of H2S is toxic to fish. 
\ 
1.3 AQUEOUS CHEMISTRY 
Prior to discussing the treatment techniques employed to remove arsenic, 
selenium and sulfide it is important to understand the aqueous chemistry of 
each species. Arsenic can occur in four oxidation states in water (+5, +3, 0, -3). 
It exists as an anion with acid characteristics in only the.trivalent (arsenite) and 
" 
. ' I 
pentavalent (arsenate) forms. Arsenate is less tr:xic th~ tfrsenite~. Trivalent 
arsenic is considered to be 3 to 20 times as tbxic as pentavalent arsenic 10. 
Figure 1-1 is the pE-pH diagram for arsenic in a system including oxygen and 
water11. 
This diagram indicates the predominant specjes under various oxidation-
'n 
" reduction conditions and pH values. Arsenite is more likely to be found in 
anaerobic groundwaters and arsenate in aerobic surface waters. The 
concentration of arsenic in ~oundwaters ranges from a few ug/L to 8 mg/L. 
Data on the speciation of arsenic in groundwaters is limited. However, it is 
known that the valence state of arsenic in groundwater varies with the location 
.. 
10
. The oxyanions of arsenic in the +5 state are HzAs04·, HA.s04- and As043•. 
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The epeciation would depend on the pH of the water relative to the three pK 
values of HaAs04 • pK1=2.5; p~=6.77; pK3=11.612. In the pH range of 4-10, the 
the predominant for11is of arsenate species are H~04• and HAs042·. The rate 
of oxidation of arsenic(III) to arsenic(V) is very slow at neutral pH values, but 
proceeds measurably in strong acid or alkaline solutions13. The oxidation state 
of arsenic has a significant effect upon the efficiency of some treatment 
techniques employed for arsenic removal. 
The two predominant aqueous species(oxy-anions) of selenium are 
selenium(IV) or selenite and selenium(VI) or selenate. Like arsenic, selenium 
. 
occurs as an anion and has acid characteristics. The oxy-anion of selenium in 
~ 
the +6 state is Se042·, which is very similar to S042·. The oxy-anions of 
selenium in the +4 state are HSe03-(biselenite) and Se032-(selenite). The 
speciation would depend on the pH of water relative to the two pK values of 
H2Se03 - pK1=2.4; p~=7.9. Figure 1-2 is the pE-pH diagram for selenium, 
adapted from 11. 
In well-aerated surface waters containing selenium, Se042- would be the 
predominant species. HSe03• would be present to a greater degree in waters 
with reducing conditions. The selenite ion appears to be the most common form 
of selenium in wastewaters, except for solid forms of the selenide resulting from 
mining, ore milling and pigment and dye manufacture. 
Hydrogen sulfide predominates at pH less than 7, the bisulfide ion 
dominates between pH 7 and 9.5 and the sulfide ion is predominant above pH 
9.5. Figure 1-3 shows the speciation of hydrogen sulfide at various pH values 12. 
Figure 1-4 is the pE-pH diagram for the sulfate - sulfide system. 
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1.4 REMOVAL PROCESSES AND SHORTCOMJNGS 
Common treatment methods for the removal of arsenic, include lime or 
sulfide precipitation or coprecipitation with iron or aluminium hydroxide and 
adsorption onto coagulant floe with enmeshment of particulate arsenic. Other 
processes include adsorption onto activated carbon or alumina and ion exchange 
4
. About 90 per cent removal of arsenic(V), at pH 7 or below, can be attained 
with conventional coagulation using iron and alum salts, for an initial 
arsenic(V) concentration of 0.1 mg/L11. Above pH 7, iron coagulation still 
results in high arsenic removal but alum coagulation removals drop with 
increasing pH. Lime softening is also very effective at pH values above 10.6 
with removals as high as 100 per cent. Arsenic(III) removals similar to those of 
arsenic(V) can be achieved by conventional coagulation and lime softening, if the 
arsenic(III) is oxidised to arsenic(V) prior to treatment. Coagulation techniques 
, 
would generate a sludge which would be contaminated with arsenic and might 
be considered hazardous. Disposal and dewateri.ng of the generated hazardous 
sludge would also be a problem. High doses of coagulant would also increase the 
total dissolved solids content of the water being treated. 
Ion exchange treatment using anion exchange resins or sorption, with 
activated alumina, or bone char can remove both forms of arsenic2. Arsenic is 
retained better than fluoride on activated alumina. Maximum equilibrium 
capacities for arsenic(V), on alumina, were achieved at a pH less than 711 . 
. 
However, significant losses of alumina can occur over cycles of regeneration due 
to its amphoteric nature. Please note that regeneration of alumina is carried 
out using sodium hydroxide. 
. 
Selenium is associated primarily with wastewaters froni coal mining, 
processing and combustion, plus wastewaters from sulfide ore milling and 
refining of,~··metals. Petroleum-refining effluents are also reported to contain 
11 
I ,1..1 
l 
selenium. Depending upon the industrial source, selenium occurs in the 
particulate or soluble form. Physical treatment processes such as sedimentation 
and filtration are quite effective when it occurs in the particulate form4. Soluble 
selenium removal is accomplished by conventional coagulation, activated 
' 
alumina adsorption, ion-exchange and reverse osmosis. Lime precipitation of 
soluble seleni11m has been shown to be ineffective4. Coagulation using ferric 
sulfate removes only about 30 per cent or less of selenium(IV), for an initial 
selenium(IV) concentration of 0.1 mg/L, in the pH range of 6 to 7. Alum 
coagulation is more effective with upto 85 per cent removal at pH 5.5. A 
coagulant dose of about 100 mg/L(as ferric sulfate or alum) was required to 
achieve the stated removals using ferric and alum coagulation. The removals 
also decrease with increasing pH. Thus the selenium(IV) removal efficiency 
obtained using coagulation is low. Also, the removal efficiency is highly pH 
dependent. 
~ 
Selenium(IV) is less preferred on strong base resins than nitrate but more 
preferred than chloride or bicarbonate. Hence, selenium(IV) removals would 
depend on the sulfate and nitrate concentrations in the water supply·:'".,. The only 
effective treatment for soluble selenium appears to be anion exchange with 
preoxidation of selenite to selenate to enhance the anion exchange capacity4. 
Sulfide is normally removed by aeration or oxidation by chlorine. Waters 
treated for sulfide removal followed by filtration still exhibit a sulfurous odor. 
Presence of these odors could be due to the formation of polysulfides. However, 
studies have shown that polysulfide formation does not occur above pH 911. 
Polysulfide formation is a shortcoming of this method of sulfide removal. 
The shortcomings of the various removal techniques employed for the 
removal of arsenic, selenium and sulfide have been outlineq. in this section. 
Thus the need for an effective sepa~ation technique for the removal of trace 
12 
'· 
conc~ations of these species exists. 
1.5 NEED FOR SELECTIVE SORBENTS 
Trace concentrations of contaminants can make water unfit for 
consumption or discharge into receiving bodies. Therefore, the goal of many 
water and wastewater treatment processes is the removal of certain target 
contaminants in the presence of other dissolved substances. A removal process 
that is often used is adsorption. This is a heterogeneous process where solid 
adsorbents preferentially pick up or adsorb dissolved contaminants. The 
viability of the adsorbent depends on the nature of the interaction between the 
target contaminant to be removed and the solid adsorbent used. For instance, 
activated carbon is an excellent adsorbent for high molecular weight and 
hydrophobic dissolved organic substances but is not ·very effective for the 
removal of inorganic ions such as arsenate, chromate, selenate, cadmium etc. 
The ability of activated alumina to remove anions drops sharply as the pH rises 
due to increased competition from hydroxyl ions. Also because of its amphoteric 
nature, significant loss of alumina occurs through dissolution after every cycle of 
operation, when regeneration is carried out with 2-8% sodium hydroxide. 
Synthetic anion exchange resins could be used as sorbents in fixed bed 
processes due to their high exchange capacities(in the order of 1.0 meq/L)14. 
However, removal of toxic anions such as arsenate, arsenite, selenate and 
selenite from contaminated water (treated wastewater, surface water and· 
groundwater) by anion exchange processes would be viable if the anion 
exchange resins are: 
a) Selective toward the contaminant anions in the presence of other 
anions such as sulfate and chloride. 
b) Can be regenerated efficiently so that the resin can be used over a 
13 
.. 
( 
n11mber of cycles. · 
A method for the treatment of selenite4, using anion exchange, is its 
oxidation to selenate and the subsequent removal of selenate by anion exchange. 
This is because selenate is preferred over selenite by anion exchange resins. 
However, anion exchange selectivity for sulfate and selenate are nearly 
identical. Thus, ion exchange treatment of a selenate wastewater also 
containing appreciable levels of sulfate could result in low and uneconomical 
anion exchange capacity for selenium(VI) or selenate4. A column test was 
conducted with IRA.-900, a typical strong base anion exchanger. Figure 1-5 is 
the effluent history for the test. The low affinity for selenite can be readily 
observed. Breakthrough of selenium(N) occurred at about 50 bed volumes 
throughput, earlier than sulfate. Also, sulfate and selenate breakthrough 
occurred at the almost the same time. Thus, removal of selenium(N) oxy-
anions using a conventional anion exchange resin is not effective. 
Calmon 15 reported the use of anion exchange for arsenic removal. The 
test samples contained 68 mg/L of arsenic(V) or arsenate. Batch type 
equilibrium tests with several cliff erent anion exchange resins in the chloride 
form showed removals of 55 to 82 percent. The latter removals were achieved 
using Ionac-260 weak base resin. The effect of variables such as pH and the 
presence of competing anions was not considered. Shen5 conducted several 
\, ,, ·. --. 
experiments with the same W'e~ base resin used by Calm.on and obtained only 
20. 7 percent removal. He used synthetic water containing arsenic(III) or 
arsenite. Tests with "natural water" containing containing 0.84 mg/L of 
naturally occurring arsenic resulted in 100 percent removal. The difference in 
results could not be explained by him. 
Ion exchange was used for arsenic removal by Welmoth, R.C. et. al at the 
USEPA Industrial Environmental Research Laboratory at Cincinnati Ohio. A 
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Figure 1-5: Effluent History For Column Run Using IRA 900 
77 percent removal starting from an initial arsenic level of 2.3 mg.IL was 
reported. C11mulative removals of 99.9 percent were reported for selenium 
using lime precipitation followed by anion exchange. 
The selectivity sequence from the most pref erred to the least pref erred 
anion for a strong base anion exchanger is as follows 16: 
2- -Se(VI)> S04 > As(V)> N03> Se(IV)> Cl· 
Thus sulfate ions have a higher affinity than arsenic(V) and selenium(IV) 
species. Maneval, Klein et a116 made several attempts to modify the 
compositions of ion exchangers in order to improve the selectivity of the 
selenium(IV) species but were 11nsuccessful. 
A chromatogram was obtained using a Dionex 4000i • senes • 10n 
chromatograph. Please see Figure 1-6. This instrument uses an anion 
separator column(which has a strong base anion exchange resin) and 
conductivity detection to determine the concentration of the anionic species in 
the sample being analysed. The elution time indicates the order of selectivity of 
the species. The least pref erred anion has the shortest retention time and 
appears first, whereas the most preferred anion has the longest retention time 
and is eluted last. It can be seen that the selenium(IV) oxyanion is less selective 
than sulfate and selenate. Since sulfate ions are present in contaminated water 
and wastewater, the need for a selective sorbent is readily recognised. 
1.6 PREMISES OF THE STUDY 
1. Selenium and arsenic contamination of groundwater is fairly common. 
With groundwater being a source of potable water, evaluation of treatment 
processes for the removal of arsenic and selenium will become necessary. 
2. Use of fixed bed processes for the selective removal of trace 
concentrations of arsenate and selenite, in the presence of other competing 
16 
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GRAPH : 10 uS 
SCALE 
ELUANT : 1.8 mM N'2C03 
1.7 mM N1HC03 
FLOW : 1.6 ml/min 
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REGENERANT : 25 mN H2S04 
ORDER OF : 0 . < NOJ° < Seo32· 
SELECTIVITY < 5042· < 51042· 
NO] 
... ' 
LUTION TIMI IN MINUTES 
Figure 1-6: Ion Chromatogram Showing the Order of 
Selectivity of Various Anionic Species 
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solutes, requires sorbents with increased affinity towards the target species. 
Commonly used sorbents such as activated alumina, activated carbon and 
synthetic strong base anion exchange resins are not effective in this respect. 
3. Strong base anion exchange resins are not suitable for the removal of 
trace quantities of selenium(IV) - commonly found in groundwater. This is 
because selenium(IV) is less pref erred than the major groundwater anion 
sulfate17. There is very little information on the removal of arsenate by ion 
l 
exchange. Arsenic removal is usually carried out using activated alumina. 
Studies by various researchers have shown that arsenic(V) is less pref erred than 
sulfate by strong base anion exchange resins. 
4. This study aims at overcoming the shortcomings of strong base anion 
exchange resins, conventionally used in fixed bed processes. It addresses the 
removal of trace concentrations of arsenic and selenium in the presence of high 
sulfate and chloride concentrations. This would be the situation if arsenic and 
selenium contaminated groundwater were to be treated. 
1. 7 OBJECTIVES OF THE STUDY 
The objective of this study was to identify a class of sorbents for the 
selective removal of contaminant ions, namely, arsenate and selenite, in the 
presence of high chloride and sulfate concentrations. Arsenic and selenium 
contamination of groundwaters is common and their removal from these water 
supplies is a challenging separation problem. Therefore, the need for an 
effective sorbent is well recognized. 
The study had the following objectives: 
1. Identifying a new class of sorbents with a high preference for arsenate 
and selenite ions. 
2. Studying the effects of various process variables such as pH, ionic 
18 
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strength and the presence of competing species(or ligands) on the efficiency of 
the removal process. 
3. To identify a suitable regenerant, to enable use of the sorbents over a 
number of cycles, to make the process cost-effective. 
4. To identify a mechanistic model to explain the experimental 
· observations. 
• 
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Chapter2 
PROCESS APPROACH 
2.1 LIGAND EXCHANGE INDUCED SORPTION: THE 
UNDERLYING CONCEPT 
The need for a selective sorbent to remove arsenate, selenite and sulfide 
was realized in the previous chapter. An effective sorbent would have a high 
affinity for the target species, namely, arsenate, selenite and sulfide even in the 
presence of sulfate and chloride. The sorbent should also be amenable to 
efficient regeneration, to enable its repeated use over many cycles, to make it 
cost effective. A common feature of arsenate, selenite and sulfide is the low 
solubility of their copper compounds. Their formation constants 18 are listed in 
Table 2-1. Solubility products are written with reference to dissociation 
reactions. If the association of these ions with th8Jcopper ion is considered, the 
' 
equilibrium constant may be written as the reciprocal of the solubility product. 
The equilibrium constant for the association reaction is otherwise called the 
formation or stability constant. 
If the high formation constants of copper arsenate, copper selenite and 
copper sulfide could be utilized, selective removal of these anions by ligand 
exchange could be realised. This would be possible if the copper ion can be held 
,1i) 
onto a solid phase without losing its charges, thus enabling Lewis acid-base 
. -~, 
interaction between the copper ion and the anionic species. 
A schematic representation of the process approach is indicated in Figure 
2-1. Chelating ion exchangers would be the ideal synthetic sorbents to hold 
copper , ions because of their high metal ion selectivity even under acidic 
conditions. 
The sorbent chosen had the fallowing characteristics: 
20 
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Table 2-1: Formation Constants for Relevant Copper Compounds. 
COMPOUND SOLUBILITY PRODUCT FORMATION CONST ANT • 
(ST ABILITY CONSTANT) 
CuC03 l.4xlo-10 1.1x109 
Cu(OH) 2.2xlo-20 4.6Xto19 
2 
CuS 6.]xlo-36 1.6X1035 
l,\j 
..... 
2.lxlo-8 4.sx107 CuSeQ 3 
CuJ(AsO~), 7.6xlo-36 l.3Xto35 
• THE FORMATION CONSTANTS WERE OBTAINED BY INVERTING 
. . 
THE RESPECTIVE SOLUBILITY PRODUCTS 
" 
.. (•' 
1. High affinity for the copper ion. 
2. Anion exchange capacity. .. , 
3. Operability over a wide range of pH. 
4. Chemical and structural stability . 
• 
2.2 CHELATING ION EXCHANGERS WITH NITROGEN 
DONOR ATOMS 
Chelating ion exchange resins are characterized by the presence of 
functionalities that are very selective toward metal ions. They have covalently 
bound side chains which contain one or more donor atoms. This high selectivity 
~ 
could be attributed to Lewis acid-base interaction. The donor atoms function as 
Lewis bases and can form coordinate covalent bonds with heavy metal ions 
which function as Lewis acids. Two chelating ion exchange resins, with 
nitrogen donor atoms were used in this study, namely, XFS 43084 and XFS 
4195. 
-
Chemical composition of the functional groups of the two resins are 
indicated in Figure 2-2. XFS 43084 has a pyridine functionality and a 
secondary amine group. For the sake of convenience, it will be referred to as 
DOW 2N(due to the presence of two nitrogen atoms). XFS 4195, has two 
pyridine molecules and a tertiary amine group. It will be referred to as DOW 
3N (due to the presence of three nitrogen atoms). Of the two resins, DOW 3N 
has stronger chelating ability, due to the presence of three nitrogen atoms. 
Studies have shown that there is a one to one correspondence between the 
copper absorption and am.in~ content of DOW 3N. This indicates that copper is 
absorbed as a 1:1 chelate19. Thus a higher uptake of copper can be expected 
since the number of nitrogen atoms is higher, thereby, favoring increased Lewis 
acid-base interaction. 
22 
' 
COPPER LOADED 
SYNTHETIC SORBENT 
HIGH AFFINTY SPECIES 
LOW AFFINITY SPECIES 
Figure 2-1: Process Approach 
', '· -
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CH-N-CH 2 .. 2 
N 
• • 
(3 N-Donor Atcw,• per Functional Group) 
DOW 43084 (DOW 2N) 
/ 
DOW 419S 
(DOW 3N) 
Figure 2-2: Chelating Functionalities with Multiple Nitrogen Donor Atoms 
' 
\ 
Figure 2-3 illustrates experimentally deter111ined Me(Il)/Ca separation 
factors, at pH 4.0, for the chelating exchangers- DP-1, IRC 718 and DOW 3N2°. 
It can be readily seen that DOW 3N has a high affinity for the copper ion 
(separation factor is greater than 5000). From this figure it can be inferred that 
resins with nitrogen donor atoms show a high affinity for the copper ion. In 
fact, DOW 2N and DOW 3N, were synthesised and commercially introduced for 
hydrometallurgical applications in order to selectively remove Cu(II) at very 
acidic pH values in the presence of a high concentration of iron21. Therefore, 
these resins would be suitable to bind the copper ion onto a solid phase. 
2.3 LIGAND EXCHANGE INDUCED SORPTION: A 
THERMODYNAMIC PERSPECTIVE 
By binding the copper ion onto a solid phase(using a chelating polymer), 
selective removal of arsenate, selenite and sulfide could be achieved. The 
mechanism of uptake of these ions by copper loaded chelating resins could be 
viewed as a combination of ion exchange and Lewis acid-base interaction. 
flG0 , the overall free energy change for the reaction can be given as the 
sum of two components, 
The above reaction can be rewritten as, 
-RTln Koverall = -RTlnK,x-RTln KLAB 
or 
2.3.1 
2.3.2 
Koverall = KIXKLAB 2.3.3 
Therefore, the overall equilibrium constant co~ld be expressed as the 
•· ~ 
product of two terms, Krx and KLAB. Where, Krx refers to the interaction which 
is purely electrostatic and KLAB refers to the interaction which is primarily 
Lewis.acid-base in character22. 
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Conventional anion exchange involves uptake ·of anions through 
electrostatic interaction. The equilibrium constant for a such a reaction or 
exchange is given by Krx. Therefore, the overall equilibrium constant will be 
represented by Krx alone. The equilibrium constant for an interchange, which 
involves both electrostatic as well as Lewis acid-base interaction is therefore 
., 
much higher. The corresponding free energy change at equilibrium is therefore 
more negative. This means that the reaction or interchange is more 
• 
spontaneous and the corresponding uptake of species should therefore be much 
t· 
' . 
higher. 
KLAB is related to the fo1·mation constants of copper arsenate, copper 
selenite and copper sulfide. The formation constants for the various copper 
compounds of the 'species are indicated in Table 2-1. Figure 2-4 illustrates the 
mechanism by which anions are picked up by copper loaded DOW 2N. Please 
note that the selenite ion was chosen for the purpose of illustration. The figure 
also indicates the mechanism by which a conventional strong base anion 
exchanger(here, IRA 900) interchanges anions. Electrostatic interaction is the 
force holding the anions onto the resin. 
--
At this point it should be mentioned that the formation constants of the 
-
ferric compounds of arsenate, selenite and sulfide are also very high. Therefore, 
the Lewis acid-base interaction between the ferric ion and arsenate, selenite and 
sulfide respectively, should be very high. However, repeated efforts to load 
·, 
DOW 2N and DOW 3N with the ferric ion proved unsuccessful. Therefore, 
sorption of these ions by ferric loaded resins could not be investigated. 
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DOW 2N-Cu 
N 
I 2+ Cu 
'! 2-
Se03 
Ion-Pair Formation 
Due To Electrostatic and 
Lewis Acid-Base Interaction 
IRA 900 
Ion-Pair Formation 
Due To Electrostatic : 
Interaction 
.......... Ion-Pair Formation 
Lewis Acid-Base Interaction 
Figure 2-4: Mechanism of anion uptake by a chelating exchanger versus an anion 
exchanger. 
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Chapters 
EXPERIMENTAL PROCEDURES, 
MATERIAI,S EQUIPMENT 
3.1 MATERTAT,S: ION EXCHANGE RESINS AND REAGENTS 
The chelating polymers, DOW 2N and DOW 3N, used in this study were 
obtained from the DOW Chemical Co., MI. The strong base anion exchanger, 
IRA 900, with a quaternary ammonium functionality, and the weak acid 
chelating exchanger, IRC 718, were obtained from Rohm and Haas Co., 
Philadelphia. Table 3-1 gives some salient features of the resins used in this 
study. IRA 900 and IRC 718 were used for the sake of comparison. All the 
resins were obtained in spherical bead form with particle sizes varying from 
0.3-0.8 mm. 
Sodium arsenate and sodium selenite were obtained from the Sigma 
Chemical Co. Sodium sulfide was obtained from the Fisher Chemical Co. All 
other chemicals were of analytical grade. Water used in sorption, titration and 
n all other experiments was distilled and deionised, using a Barnstead ion 
exchange column. 
3.2 PREPARATION OF SORBENTS 
The resins were conditioned, by cyclic exhaustion, with 2% hydrochloric 
acid and 2% sodium hydroxide. After conditioning, the resins were washed with 
distilled deionised water. 
DOW 2N, DOW 3N and IRC 718 were subsequently loaded with 
copper(II). 500 ppm CuS04.5H20 and/or CuCI2.2H20 was used for this purpose 
depending upon the competing ion present - either sulfate or chloride. The resin 
used for the column run was converted into the copper form using CuC12.2H20. 
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Table 3-1: Salient Features Of Ion Exchangers Used In This Study 
•• 
•• 
Eunctionalib 
+ 
GD 
I 
H -N-CH2 J •• 
•• 
(ii).. N (CH,), 
Donor At0t11$ &r 
Functional Group 
2 "N" Atom• 
3 "N" Atom• 
1 "N" Atom and 
2 "0" Atom,. 
None 
Matrix 
Poly1tyrene 
Poly1tyrene 
Polyatyrene 
Poly1tyrene 
Acid/Base 
Characteristic 
Weak Bue 
Weak Bue 
Weak Base and 
Weak Acid 
Strong Bas~ 
Manufactmcr 
Ind Trade Name 
Dow Chemical, 
Dow 2N or 
XFS 43084 
Dow Chemical, 
Dow 3N or 
XFS 4195 
,., 
Rohm and Haa,, 
IRC 718 
Rohm and Haas, 
IRA 900 
The solutions of cupric suHate and cupric chloride were at pH 5.0. The copper 
loaded resins were then washed with distilled deionised water and air dried. 
The copper capacity of DOW 2N was estimated to be 1.67 meq/gm dry resin and 
the copper capacity of DOW 3N was estimated to be 2.453 meq/gm dry resin. 
IRA 900 was converted into the chloride form for the respective column run. 
This was done using 2% brine. The resin was washed with distilled deionised 
water to remove excess brine. 
3.3 SORPTION EXPERIMENTS 
Experiments were conducted to study the sorption equilibria between the 
ion-exchange resins and aqueous solutions of anions: arsenate, selenite and 
sulfide. The chelating polymers, DOW 2N and DOW 3N, have weak base 
functionalities. Thus they have a high affinity for the hydrogen ion. A constant 
pH would therefore be difficult to maintain in batch equilibration tests. Batch 
equilibration involves agitation of a weighed amount of the resin with a definite 
volume of solution containing a known concentration, of the species whose 
uptake is being studied. The agitation is carried out until the concentration of 
the species in the supernatant solution is constant. 
The equilibrium data, for arsenate and selenite, in this study were 
generated using short columns of inner diameter 1.0 cm. The influent to each 
column was of a fixed composition i.e., with a known concentration of arsenate 
or selenite in the presenc~ of a constant competing ion(sulfate or chloride) 
concentration at a f~'ed pH. About 0.2 gm of resin was placed in each short 
glass column. Five columns were used to generate five data points for each 
isotherm. The temperature during all the tests was the ambient room 
temperature of 25°C + 2°C. The volume of solution fed was in excess of the 
stoichiometric requirement to ensure that equilibrium was attained. This was 
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also checked by comparing the effluent and the influent concentration of the · 
species being studied. The experiment was stopped when both the influent and 
the effiuent species concentration was the same for a period of more than three 
days. Following equilibration, the exhausted resin was washed by passing 
distilled deionised water through the col11mns. The resin, in each column, was 
then regenerated using a 2% ammonia solution. When uptake of arsenic(V) and 
selenium(IV) was studied using IRC 718, 2% hydrochloric acid was used to 
regenerate the resin. The regenerant was analysed for copper and the species 
under consideration- arsenic(V) or selenium(IV). The uptake, by the resin, at 
equilibrium was computed by mass balance calculations. 
The sulfide isotherms were determined by batch equilibration. The pH 
was checked and adjusted every 2 hrs. This method of equilibration was used 
because of the volatile nature of the sulfide species and lack of suitable 
apparatus to car1·y out the experiment using a column set-up. Controls were 
used to check for the loss of sulfide through volatilization. The sorption 
experiments were carried out by equilibrating 0.05-0.1 gm of resin with 200 ml 
of sulfide solutions, with known concentrations of sulfide, in 250 ml Nalgene 
bottles. A mechanical agitator was used for agitation. A concentration range of 
10 to 100 ppm was used in order to be able to detect losses through volatilization 
by ensuring a high residual concentration of sulfide after equilibration. These 
experiments had to be conducted at a very alkaline pH - 9.5 to 10.5 to ensure 
that sulfide was present as HS· or S2• to a greater extent (pK1 of H2S= 7 .1 and 
p~= 14.0). Competition due to the presence of hydroxyl ions was ruled out on 
the basis that the solubility product of Cu(OH)2 (K8p=2.2x10-20)is greater than 
the solubility product of CuS (K8p=6.3xl0·36). Therefore, the formation constant 
of CuS is higher than that of Cu(OH)2. The procedure for regeneration mirrored 
the sorption procedure. After equilibration and analysis of the supernatant for 
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sulfide, the spent sorbent was washed with deionised water and placed in a 250 
ml bottle with 200 ml of 10% ammonia. After agitation for 2 hrs, the 
supernatant was filtered and agitated with about 1.5 gms of DP-l{in calcium 
form) to remove copper. This was done to prevent the blue color of the 
cuprammine complex from interfering with the colors produced during the 
estimation of sulfide by iodometry. 
Please see Appendix A for a brief description of sorption equilibria and 
sorption isothe1ms. 
3.4 FIXED BED COLUMN RUNS 
. 
Three fixed bed column runs were performed using a column of internal 
diameter 1.0 cm. The resin bed depth was 12.6 cm. DOW 2N and DOW 3N 
were placed in the column and loaded with copper by pumping copper chloride 
• 
solution downflow through the resin bed, before starting the respective column 
rans. The copper loaded resins were washed with distilled deionised water, 
before starting the column runs. A fractional horsepower(l/30 HP) gear motor 
pump was used for pumping solutions through the resin bed. The experimental 
set-up is shown in Figure 3-1. The samples were collected in 25 ml test tubes 
using an ISCO Cygnet fraction collector(2170-002 series). The sample collection 
time was 30min and a flow rate of 0.75 cc/min was employed for all the column 
runs. Elution of spent DOW 2N and DOW 3N was carried out using 2% 
ammonia. The eluate was collected at 10 min intervals and an eluant flow rate 
I 
of 0.25 cc/min was employed for the purpose. Spent IRA 900 was regenerated 
using 2% brine. The same flow rate and collection time as the previous runs 
was used for the purpose of regeneration. 
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Figure 3-1: Experimental Set Up For Column Tests 
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3.5 ANALYSIS MEfflODS 
An atomic absorption spectrophotometer(Perkin Elmer Model 2380) was 
used in the flame mode or with the graphite furnace attachment for analysis. 
Arsenic(V) and selenium(IV) were analysed using the graphite furnace atomic 
absorption technique. An electrodeless discharge lamp for selenium and arsenic 
was used as the light source. All sample injections were 20 uL followed by 20 
uL of NiN03(1000 ppm as Ni). Sulfate, chloride and selenium(IV) were 
analysed using an ion chromatograph(Dionex Model 4500i series) by 
conductivity detection. The sulfide ion was analysed by iodometry23. 
Bicarbonate was analysed by titration23. A Total Organic Carbon Analyser 
(Beckmann Model 915B) was also used for the estimation of bicarbonate as total 
carbon. 
pH measurements were made using a Fisher accumet model 930 pH 
meter. The electrode was calibrated to read in the acidic as well alkaline range. 
Suitably diluted sodium hydroxide was used for pH adjustment on the alkaline 
side. pH on the acidic side was adjusted using suitably diluted hydrochloric or 
sulfuric acid. 
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EXPERIMENTAL RESULTS 
DISCUSSION 
4.1 EQU11,1BRIUM SORPTION S1'UDIES AND COLUMN 
RUNS 
The effectiveness of copper loaded chelating exchangers(with pyridine 
functionalities) in removing arsenate, selenite and sulfide was tested by 
conducting specific laboratory experiments. The synthetic sorbents used were 
•C, 
copper loaded DOW 2N and DOW 3N, hereafter, referred to as DOW 2N-Cu and 
D0W3N-Cu. 
Two types of experiments were conducted to determine the performance of 
the sorbents: 
1. Equilibrium tests. 
2. Dynamic column runs. 
The following specific equilibrium tests were conducted: 
1. Studies were conducted to determine the sorption isotherms for 
selenite and arsenate, in the presence of the competing ions, 
sulfate and chloride, for the various sorbents. The sorbents 
investigated were DOW 2N-Cu, DOW 3N-C~ IRA 900 and copper 
loaded IRC 718. 
2. The effect of pH on selenite uptake, by DOW 2N-Cu, was also 
studied. The sulfate and seleI11rum concentrations were held 
c, 
constant during the experiment. J 
3. Selenite uptake in the presence of bicarbonate, as the competing 
• 
ion, was studied, using DOW 2N-Cu as the sorbent. The effect of 
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pH, on arsenate and selenite uptake, in the presence of bicarbonate 
was also investigated. 
4. Uptake of sulfide, by DOW 2N-Cu and DOW 3N-Cu, in the 
presence of a high sulfate concentration was also studied. 
The following fixed-bed column runs were conducted: 
1. A column run using DOW 2N-Cu as the sorbent. 
2. A col11mn run using IRA 900, to compare the performance of a 
conventional anion exchanger to that of DOW 2N-Cu. 
3. A column run using DOW 3N-Cu as the sorbent. 
4.1.1 STUDIES ON SELENITE AND ARSENATE REMOVAL 
1. COMPARISON OF DOW 2N-Cu AND IRA 900 WITH RESPECT 
TO ANION UPTAKE 
The structure of IRA 900, a strong base anion exchanger, with a 
quaternary ammonium functionality, and that of DOW 2N are indicated in 
Table 3-1. Figure 4-1 compares the arsenate uptake by DOW 2N-Cu and IRA 
900. The experiment was conducted at pH 8.5 and a constant competing ion(in 
this case sulfate) concentration of 250 mg/L. The experimentally determined 
separation factors are tabulated in Table 4-1. The arsenic(V)-sulfate separation 
factor, for various aqueous phase concentrations of arsenic(V), was fairly 
constant and around 35. Such a high arsenate-sulfate separation factor has not 
been reported for any synthetic sorbent. Please note that arsenate is the oxy-
"!:.JI 
I 
anion of arsenic(V). All concentration measurements were made as total 
arsenic, in mg/L as As. The As(V)/SO!- separation factor is defined as follows: 
~·-""'" 
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[As(V)] [SO;-] 
aAs/SO, = 4.1.1 
[As(V)] rso;-1 
The quantities within square brackets are the aqueous phase 
concentrations of the respective species, in mg.IL, and the quantities with an 
overbar represent the resin phase concentrations of the species in mg per gm of 
air-dry sorbent. Figure 4-2 compares the arsenate-sulfate separation factors 
deter11iined for DOW 2N-Cu and IRA 900, under identical experimental 
conditions. The arsenate-sulfate separation factor for DOW 2N-Cu is about 150 
times greater than that for IRA 900. Table 4-2 gives the values of the arsenate-
sulfate separation factor computed for IRA 90024. 
Copper arsenate, as indicated in Table 2-1, is a copper compound with a 
high stability constant. This would mean that arsenate should have a high 
affinity for the resin-held copper ion. The high uptake, of arsenate by DOW 
2N-Cu, can be attributed to the mechanism of ion exchange accompanied by 
Lewis acid-base interaction. 
A column run was carried out using IRA 900 in the chloride form. Fig 4-3 
gives the effluent history of the run. It can be seen that selenite breakthrough 
occurs much before sulfate or selenate(oxy-anion of selenium(VI)). Thus this 
exchanger would not be useful for removing trace concentrations of selenium(IV) 
in the presence of high concentrations of sulfate. The test results also validated 
the order of selectivity of anionic species as shown in the ion chromatogram, 
Figure(l-6). Please note that a strong base exchanger is also used in the ion 
chromatograph for conductivity detection of a·nions. In the column run, selenate 
breakthrough occurred after sulfate, as it is the most preferred species. Selenite 
is the least preferred species and its breakthrough occurred at about 25 bed 
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Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor, 
As(V) Cone, Sulfate Cone, As(V) Cone, Sulfate Cone, qAs (SO.J 1- qso · (As), in mg/L (S04 J, in mg/L qAs' • = I ._ . 
~s/S04 (As) q as As in mg/gm Resin in mg gm Resan so ... 
1 1.00 250 9.97 75.35 33.10 
2 3.35 250 23.13 47.12 36.63 
3 4.00 250 29.96 51.84 36.12 
4 5.00 250 36.37 44.67 40.71 
5 10.00 250 43.55 33.73 32.28 
Table 4-1: Arsenate-Sulfate Separation Factor For DOW 2N-Cu At pH 8.5 
Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor, 
As(V) Cone, Sulfate Cone, As(V) Cone, Sulfate Cone, qAs (50.J (As), in mg/L (S04rJ. in mg/L qAs' qso · • = I + . l\s/504 (As) q as As in mg/gm Resin in mg gm ReSln S04 
1 1.00 250 9.97 75.35 33.10 
2 3.35 250 23.13 47.12 36.63 
3 4.00 250 29.96 51.84 36.12 
4 5.00 250 36.37 44.67 40.71 
5 10.00 250 43.55 33.73 32.28 
Table 4-1: Arsenate-Sulfate Separation Factor For DOW 2N-Cu At pH 8.5 
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s~rial No. Aqueous Phase Aqueous Phase Re1it1 Phase Resin Phase Separation Factor, 
As(V) Cone, Sulfate Cone, As(V) Cone, Sulfate Cone, qAs (SOJ (AsJ, in mg/L (SO.._a·). in mg/L qAs' qso · 
«t.s/S04 = (As) q as As . I ... R • in mg/gm Resin 111 mg gm e1111 504 
, 
1 ) 1.04 250 0.17 206.21 0.208 
2 2.28 250 0.49 205.59 0.264 
3 5.18 250 1.05 204.76 0.246 
4 10.86 250 1.90 203.32 0.206 
I 
l 
Table 4-2: Arsenate-Sulfate Separation Factor For IRA 900 At pH 8.5 
volumes throughput. As is evident from the effluent history plot, selenite 
underwent chromatographic elution because it is the least preferred species. 
A column run was also conducted using DOW 2N-Cu as the sorbent. 
Figure 4-4 gives the effiuent history of the run. Selenite breakthrough occurred 
much later than sulfate, close to 1000 bed vol11mes throughput. The pH of the 
influent was maintained at 9.5 to ensure that the major fraction of the total 
selenium(IV) was present as the divalent selenite ion, Seo;·. The selenite-
sulfate interchange, for this case, can be represented as follows: 
+ Se032-
• + so. 2-
4.1.2 
This high selectivity of DOW 2N-Cu, for the selenite ion can be attributed 
to ion exchange accompanied by Lewis Acid-Base interaction. As shown in 
Table 2-1, copper selenite has a high formation constant, indicating a strong 
affinity of the resin-held copper ion for- the aqueous phase selenite ion. 
2. ADDITIONAL STUDIES USING DOW 2N-Cu AS THE SORBENT 
- ----------------
The selenite-chloride isotherm for DOW 2N-Cu, at pH 7.00, is shown in 
1 
Figure 4-5. 
The competing chloride ion concentration is 250 mg/L. The computed 
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.. 
separation factors are indicated in Table 4-3. The selenite-chloride separation 
factor is defined as: 
[Se(IV)] [Cr] 
aSe/CI = 
[Se(IV)] [C/l 
4.1.3 
It can be seen that selenite is the preferred species(separation factor is 
about 62). Thus, DOW 2N-Cu is a suitable sorbent for the selective removal of 
trace concentrations of selenite in tq_~ presence of a high concentration of 
chloride(the competing ion). 
) 
Figure 4-6 is the selenite-sulfate isotherm. The competing ion(sulfate) 
concentration was held constant at 250 mg/L and the experiment was conducted 
at pH 7.00. The separation factor, as indicated in Table 4-4, is around 10. The 
selenite-sulfate separation factor being defined as: 
4.1.4 
[Se(IV)] [SO;-] 
a Se/SO 4 = 
[Se(IV)] [SO;-] 
Thus, by experiment it was proved that DOW 2N-Cu shows increased 
selectivity for the selenite ion in the presence of sulfate. This is in contrast to 
what was observed in the case of IRA 900. 
~- EFFECT OF pH 
Figure ,4-7, shows the effect of pH on selenium(IV) uptake in the presence 
of sulfate, for DOW 2N-Cu. The separation factor was observed to increase with 
increasing pH. The selenium-sulfate separation factor, as determined at the 
various pH values, is indicated in Table 4-5. The experimental observation 
could be explained as follows. As pH increases, the fraction of CT Se that is 
' 
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Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor, 
Se(IV) Cone, Chloride Cone, Se(IV) Cone, Chloride Cone, qSe (Cl) 
(Se), in mg/L (Cl-), in mg/L qSe' qCI' lfse/CI = (Se) qCI as Se in mg Se/gm Resin in mg/gm Resin 
1 1.00 250 6.47 25.81 62.55 
2 2.00 250 14.77 31.22 59.22 
. 
3 4.00 250 22.46 22.44 62.52 
. 
4 5.00 250 24.65 19.51 63.21 
. 
". 
5 10.00 250 43.43 17.53 61.97 
,, 
Table 4-3: Selenite-Chloride Separation Factor For DOW 2N-Cu At pH 7.00 
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Cit 
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Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor, 
Se(IV) Cone, Sulfate Cone, Se{IV) Cone, Sulfate Cone, qse(SOJ (Se), in mg/L (so;J. in mg/L qSe' qso • "'se/so .... = as Se 44- (Se) qSO in mg Se/gm Resin . in mg/gm Resin + 
1 1.00 250 3.84 89.11 10.77 
2 2.00 250 6.72 79.21 10.62 
3 4.00 250 11.47 74.26 9.65 
4 5.00 250 14.77 69.30 10.66 
5 10.00 250 22.75 59.40 9.58 
Table 4-4: Selenite-Sulfate Separation Factor For DOW 2N-Cu At pH 7.00 
·, 
present as Seo!· increases. This is because pK1 for selenious acid is 2.6 and the 
p~ is 7.9. 
AB pH increases the Seo;· concentration increases and the forward 
reaction, as represented in equation 4.1.2, is favored by the law of mass action. 
Therefore, uptake of selenium(IV) increases and the separation factor increases. 
At low pH values, due to the speciation of the selenium(IV) oxyanion, the 
biselenite ion(HSe03) is the predominant species. Interchange would be 
predominantly electrostatic, leading to low separation factors. At high pH 
values, due to the presence of the selenite ion, interch~nge would involve both 
electrostatic as well as Lewis Acid-Base interaction. 
The resin phase concentration of selenium(IV) could be considered to be a 
contribution of HSe03 and Seo;·25. At a low pH value HSe03 would be taken 
up by the resin and at a high pH value, Seo;· would be the species picked up by 
the resin. It was attempted to theoretically predict the uptake of selenium(IV) 
at various pH values if the uptakes at two extreme values of pH were known -
highly acidic and highly basic. 
The resin phase concentration of selenium(IV), q8e, could be viewed as the 
sum of the contributions of HSe03 and Seo;·. Therefore, <!Se could be given as, 
4.1.5 
For the sake of simplicity, qHSeO- will be referred to as q1 and q8e0 2- will 3 3 
be referred to as q11. The resin, DOW 2N-Cu, may be represented as 
(C5H5N)Cu2+. Thus, two equations can be considered for the uptake of 
sele~um(IV) by DOW 2N-Cu. They are as follows, 
I 
4.1.6 
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5erial No. pH Resin Phase 
Se(IV) Cone. 
qSe' 
in mg Se/ gm Resin 
1 4.50 1.76 
2 5.50 3.96 
3 7.00 6.72 
-~ 
4 8.50 9.23 
5 9.50 10.13 
SELENIUM(IV) CONC: 2 mg/l as Se 
SULFA TE CONC: 250 mg/L 
,. 
Resin Phase Separation Factor, 
Sulfate Cone, 
"Se (SOJ 
qso • lrse1so.._= ISe) qso . ~ 111 mg/ gm Resin 41, 
115.16 1.91 
106.08 4.67 
79.20 10.60 
69.70 16.55 
64.61 19.60" 
Table 4-5: Effect of pH on the Selenium-Sulfate Separation Factor For DOW 2N-Cu 
• 
.,, 
\ 
.. 
4.1.7 
Please note that R represents the resin phase. The equilibrium constant for 
equation 4.1.6 may be represented as, 
where, 
CSe1 = al CT,Se 
q1= Resin phase concentration of HSeo;, in mmole/gm. 
C80 = Aqueous phase sulfate concentration, in mmole/L. 4 
q80 = Resin phase sulfate concentration, in mmole/gm. 
4 
4.1.8 
CT se, is the total concentration of selenium(IV) in mmole/L and a 1 is the 
' 
first ionisation fraction of selenious acid. Thus, Csel' represents the aqueous 
phase concentration of HSeo;, in mmole/L. 
:) 
Similarly, for equation 4.1.7, the equilibrium constant may be written as, 
4.1.9 
Where, 
qn= Resin phase concentration of Seo;·, in mmole/gm. 
C80 , CT Se and q80 have the same meanings as stated before. 4 ' 4 · 
CSe2=Aqueous phase concentration of Seo;· in mmole/L. 
C9e2=cx.2CT Se· 
' 
Where, ~ is the second ionisation fraction of selenious acid. 
At a low pH value, it can be assumed that the selenium uptake would be 
due to HSeO~. This is because cx.2 will be much lower than a1. At a high pH, cx.2 
54 
~..--. ,, 
will be much higher than a.1, therefore the selenium(IV) would be taken up as 
Se0~-. At intermediate pH values, the selenium uptake would be a combination 
of the two species with the contribution of each depending on the pH value. 
The ref ore, <ISe can be given as, 
4.1.10 
Where, q1 and qrr can be calculated using equation 4.1.8 and equation 
4.1.9, respectively. Table 4-6 gives the values of K1 and K11. K1 and Kn were 
computed using equation 4.1.8 and equation 4.1.9, and experimentally 
determined values of q1, qII and qg0 at pH 4.5 and pH 9.5 respectively. Please 4 
note that the aqueous phase concentrations of sulfate and selenium(IV) were 
held constant throughout the experiment at 250 mg/L and 2 mg/L as Se 
respectively. Table D-1, in Appendix D, tabulates the theoretically predicted 
values of q1 and q11. The experimentally determined values of q8e, at various pH 
values, are indicated in Table 4-5. The theoretically predicted values of q1 and 
q11, were computed at various pH values, using a fixed aqueous concentration of 
selenium(IV)- 2mg/L as Se. The procedure for the calculations is shown in 
Appendix D. Figure 4-8 is a graphical representation of the results. As pH 
increases, the experimental and theoretical values of uptake increase anq 
become equal. At pH values greater than 8.5, the value of q8e becomes almost 
constant. This is expected because maximum uptake of selenium(IV) should 
occur at a high pH, since the Lewis Acid-Base interaction will be high when the 
predominant species is the selenite ion. For a constant aqueous phase 
selenium(IV) concentration, at a pH much greater than the pk8 2 of selenious , 
' 
acid, the speciation remains unchanged with further increase in pH and the 
selenium(IV) uptake, therefore, should remain constant25• 
The predicted values are lower than the experimental values. This could 
55 
Serial No. pH 01 ... Aqueous Phase A~Phale (HSeO,-) cone ISe.01 ... I cone, 
c•1· Cy Se. 
in mg/L' 
=aa-Cy Se• 
in nwJ/L ' 
J 4.5 0.992 0.000 1.98 0.02 
2 9.5 0.025 0.976 0.05 1.95 
Total Selenium Cone., CT,Se = 0.0253 mmole/L. 
Sulfate Cone. = 250 mg/L. 
Table 4-6: Computation Table For K1 and K11 
Resin Phase Resin Phase K1 K11 
Se{IV) Cone. Sulfate Cone, 
qs,· qso · 44 
in mg Se/gm Resin in mg/gm Re1in 
1.76 115.16 76.62 
-
10.13 64.61 
-
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12.00 
be because the mechanism of uptake is a combination of several effects which · 
cannot be segregated as simply as ass11med. 
4. COMPARISON WI'l'H OTHER CHELATING EXCHANGERS: 
-
Anion exchange capacity of copper loaded chelating resins should be 
related to the residual charges on the resin bound cupric ion and the Lewis acid-
base interaction between the cupric ion and the aqueous anionic species. The 
ligand exchange capacity of the Cu2+ ion is in turn related to the coordinate 
valences of the copper atom. 
Figure 4-9 and Figure 4-10 indicate that selenite and arsenate uptake by 
IRC 718 is negligible in comparison to DOW 2N-Cu. Thus confirming that IRC 
718, when chelated with copper has negligible anion exchange capacity. This is 
because the copper atom has no residual charges. Figure 4-11, compares the 
mechanism of anion uptake by DOW 2N-Cu and copper loaded IRC 718. The 
possible reason for the low anion exchange capacity of copper loaded IRC 718 is 
indicated in the figure. 
Thus selective uptake of selenite and arsenate by DOW 2N-Cu could be 
attributed to complex formation, of the aqueous anionic species, with the Cu2+ 
ions (fixed by chelation to the resin matrix). The mechanism involves ligand 
exchange and Lewis Acid-Base interaction. Presence of unsatisfied coordinate 
valences of the copper ion is necessary for this type of exchange to occur. 
5. COMPARISON OF DOW 2N-Cu AND DOW 3N-Cu 
Presence of unsatisfied coordinate valences of the resin-held copper ion is 
a must for ligand exchange sorption to occur. DOW 3N as stated before has a 
much higher affinity for the copper atom. This is evident by the higher copper 
capacity(2.453 meq/gm) of this resin as compared to that of DOW 2N(l.67 
meq/gm). However, the copper atom in DOW 3N is chelated to three nitrogen 
atoms as against the copper atom in DOW 2N, which is chelated to two nitrogen 
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Figure 4-11: Comparison Of The Mechanism Of Anion Uptake By Copper Loaded IRC 718 
and DOW 2N-Cu 
atoms. Therefore, the copper atom in DOW 3N has fewer unsatisfied coordinate 
valences as compared to the copper atom in DOW 2N. 
Figure 4-12 compares the arsenate-sulfate separation factor for DOW 2N-
Cu and DOW 3N-Cu under identical experimental conditions. A lower 
separation factor in the case of DOW 3N-Cu can be seen. The arsenate-sulfate 
separation factor for DOW 3N-Cu is tabulated in Table 4-7. Figure 4-13 
compares the selenite uptake by DOW 2N-Cu and DOW 3N-Cu under identical 
experimental conditions. The selenite-chloride separation factor, for the resin 
DOW 3N-Cu, is tabulated in Table 4-8. Thus it can be readily seen that anion 
exchange capacity of DOW 3N-Cu is lower than that of DOW 2N-Cu. 
The reason for the lo,ver arsenate and selenite uptake, observed in the 
case of DOW 3N-Cu, could be explained in terms of the free energy of formation 
of the complex between the resin bound Cu2+(for DOW 3N-Cu) and the 
\ 
Seo!· ion. If the free energy of formation of this compound can be shown to be 
more than the corresponding complex for DOW 2N-Cu, it can explain the lower 
selectivity observed in the case of DOW 3N-Cu. It was attempted to prove this 
by calculations indicated in Appendix B. Some simplifying assumptions were 
made. However, it was proved that the complex between the resin bound Cu2+ 
and the Seo!· ion will be formed more readily in the case of DOW 2N-Cu, due to 
a corresponding lower free energy of formation, explaining the higher anion 
selectivity observed in the case of DOW 2N-Cu. Figure 4-14 illustrates the 
lower anion exchange capacity of DOW 3N-Cu, as compared to that of DOW 2N-
Cu, in terms of the coordination valences of the copper atom. Please note that 
the copper atom is assumed to be chelated only to the pyridine nitrogen atoms. 
A column run was carried out using DOW 3N-Cu. Breakthrough of 
selenium(IV) occurred very early - almost immediately after chloride. Please 
. note that selenium(IV) and chloride have not been shown in the figure. Uptake 
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-Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor, 
As(V) Cone, Sulfate Cone, As(V) Cone, Sulfate Cone, qAs (SOJ (As], in mg/L (504:i-J, in mg/L qAs' qso • • = I ~ . ~s/S04 (As) q as As in mg/gm Resin in mg gm Resan 504 
1 1.00 250 7.50 108.84 17.63 
2 2.00 250 15.50 86.94 22.27 
3 4.00 250 29.20 76.00 24.00 
4 5.00 250 37.50 72.11 25.99 
5 10.00 250 50.50 52.93 23.85 
Table 4-7: Arsenate-Sulfate Separation Factor For DOW 3N-Cu At pH 8.5 
-- - -- . ---- - . -- . - --- --
Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor. 
Se(IV) Cone, Chloride Cone, Se(IV) Cone, Chloride Cone, qSe (Cl) (Se), in mg/L (Cl-), in mg/L qSe' qCI' lfse/CI = (Se) qCI as Se in mg Se/gm Resin in mg/gm Resin 
1 1.00 250 1.50 66.05 5.63 
2 2.00 250 2.50 57.04 5.49 
3 4.00 250 2.74 47.55 3.60 
4 5.00 250 6.98 50.55 6.90 
5 10.00 250 12.55 46.75 6.71 
I ,, 
---· -
Table 4-8: Selenite-Chloride Separation Factor For DOW 3N-Cu At pH 7.00 
of arsenate was much higher. From Figure 4-15, it can be seen that arsenate 
breakthrough occurred much later than sulfate. This supports the arsenate-
sulfate separation factor(around 25) deter1nined by equilibrium studies. By 
experiment, DOW 2N-Cu was deterinined to be a more effective sorbent than 
DOW 3N-Cu for arsenate and selenite removal. 
6. REGENERABIL11'Y OF 'l'B E EXBAUSTED EXCHANGERS 
-
DOW 2N-Cu used in the column run was regenerated using 2% Ammonia, 
upon exhaustion. The composition of the influent used to exhaust the resin was: 
2 mg/L selenium(VI) as Se, 2 mg/L of selenium(IV) as Se, 100 mg/L sulfate and 
200 mg/L chloride. The spent regenerant samples were collected and analysed 
for the various species. The composition of the influent used to exhaust DOW 
3N-Cu was: 2 mg/L selenit1m(IV) as Se, 2 mg/L selenium(VI) as Se, 2mg/L 
arsenic(V) as As, 100 mg/L sulfate and 200 mg/L chloride. 
Figure 4-16 and Figure 4-17 show the concentration of selenite and copper 
" 
in the spent regenerant samples. Less than three bed volumes were sufficient 
for the complete removal of selenium(IV) from the bed. Mass balance 
calculations accounted for more than 80 percent of the selenium(IV) on the bed. 
Thus regeneration of the exhausted bed with 2% ammonia is very efficient. 
Figure 4-18 is a composite regeneration plot. It indicates the concentration of 
the anionic species: sulfate, selenite and selenate, in the spent regenerant, on a 
semi-log plot. Ammonia removes copper from the bed and consequently all the 
anionic species are removed. This is because the anion exchange capacity of the 
copper loaded resin is lost once the copper is removed. 
In the case of the column run with DOW 3N-Cu, the spent sorbent was 
also regenerated using 2% Ammonia. Only arsenic(V) and copper have been 
plotted because they were present in appreciable concentrations in the spent 
regenerant. Uptake of arsenic(V) was higher than that of the other species. The 
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plots are shown in Figure 4-19 and Figure 4-20. 
Regeneration of the copper loaded resins, with ammonia, could be 
represented by the foil owing reaction: 
+ 
... 
The forward reaction is favored by the law of mass action at a high 
ammonia concentration. Thus regeneration is effected by Lewis Acid-Base 
interaction(or complexation) between the resin-held copper and ammonia(which 
acts as a ligand). 
6. BLEEDING OF COPPER DURING COLUMN RUNS 
------
The copper affinity of DOW 3N is expected to be mu.ch higher than that of 
DOW 2N. This is because the copper atom is chelated to three nitrogen atoms 
in the case of DOW 3N-Cu, as opposed to two in the case of DOW 2N-Cu. This 
was ehecked by placing 2.5 cm of IRC 718 in the column below the copper loaded 
resins before the start of the respective column runs. Glass wool was used as 
the separating medium. At the end of the column runs, the IRC 718 was 
regenerated using 2% hydrochloric acid. For the column run with DOW 3N-Cu, 
the total copper leakage was determined to be 5.45 mg - the average rate of 
-· 
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,,. 
bleeding was estimated to be 2.2 ug per bed volume of resin. In the run with 
DOW 2N-Cu, the total copper that leached from the bed was determined to be 
79.5 mg - the average rate of bleeding was estimated to be 38. 7 ug per resin bed 
volume. This clearly indicates that DOW 3N binds copper more strongly than 
DOW 2N. However, equilibrium isotherm tests showed that DOW 3N-Cu has 
. 
lower anion exchange capacity than DOW 2N -Cu. The reason for the lower 
anion exchange capacity of DOW 3N-Cu was discussed earlier. 
To avoid the bleeding of copper, if this method is used to treat arsenic and 
selenium contaminated water, the set-up in Figure 4-21 could be used. Virgin 
IRC-718 could be placed below the copper loaded chelating resin. Glass wool 
could be used to separate the two resins. The IRC-718 would adsorb any copper 
bleeding from the DOW 2N-Cu(sorbent used in the process). 
7. LOW pH OF THE EFFLUENT SAMPLES 
The pH of the influent, used to exhaust the resin(DOW 2N-Cu), was 9.5. 
The effluent history of the column run, using this sorbent is indicated in Figure 
4-4. However, the pH of the effluent samples was low. The variation of the 
effluent pH, from the start of the column run until exhaustion of the resin bed, 
is indicated in Figure 4-22. The hydroxyl ion is a competing ligand and can also 
be taken up by the resin. This would explain the consistently low pH of the 
column effluent, throughout the run. 
4.2 SHORTCOMINGS AND CORRECTIVE MEASUR.ES 
From the results presented earlier, it follows that any ligand that forms a 
stronger complex(high formation constant) with copper would reduce the uptake 
of arsenate and selenite. This is because the mechanism of anion uptake 
involves Lewis acid-base interaction. CuC03 has a very low solubility 
product(or a very high formation constant). K8P for CuC03 = 1.4xt0·10. 
76 
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Carbonate ions when present, would therefore act as competing ligands, 
reducing the uptake of selenite and arsenate. 
Studies were conducted to determine the effect of bicarbonate on the 
uptake of arsenate and selenite. Figure 4-23 shows the uptake of selenite in the 
presence of bicarbonate. At pH 8.5, the predominant species would be the 
bicarbonate ion, Hco;. The experiment was conducted at pH 8.5 and the 
competing ion(bicarbonate) concentration was held constant at 200 mg/L. Low 
separation factors, as shown in Table 4-9, indicate that bicarbonate significantly 
reduces the uptake of the selenite ion. Please note that all calculations were 
done in tern1s of bicarbonate, which was estimated by titration. 
pH should also have a significant effect on the uptake of the selenite and 
arsenate in the presence of bicarbonate. As the pH increases, the fraction of 
total carbonate(CT c) present as carbonate, will increase and the uptake of 
' 
carbonate would increase, thereby reducing the uptake of arsenate and selenite. 
Figure 4-24 shows the effect of pH on the uptake of arsenate in the presence of 
bicarbonate. The arsenate-bicarbonate separation factor, at different pH values, 
is tabulated in Table 4-10. Similarly, Figure 4-25 shows the effect of pH on the 
selenite uptake, by DOW 2N-Cu, in the presence of bicarbonate. Table 4-11, 
gives the selenite-bicarbonate separation factor, at various pH values. All 
calculations were done in terms of total carbon. The experiments were 
conducted at a fixed aqueous phase concentration of arsenate and/or selenite, in 
the presence of a constant, competing, bicarbonate concentration of 200 
mg/L(total carbon concentration of 39.34 mg/L). On the same figures the ratios 
of the second ionization fraction of arsenic acid(~2,As) and/or that of selenious 
acid(~2,88) to the second ionization fraction of carbonic acid(~2,0 ) have been 
superimposed. For the most part, uptake of arsenic(V) follows the same trend 
as ~2,As/~2,0 . Uptake of selenium(IV) follows the same trend as ~2,Se/~2,c· 
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Serial Aqueous Phase Aqueous Phase Resin Phase Resin Phase Separation Factor, 
No. Se(IV) Cone, Bicarbonate Cone, Se( IV) Cone, Bicarbonate Cone, (Se), in mg/L (HC03 -]. in mg/L qSe' qHC03-, 
~e/H(Q3 = 
qSe (HCO,-J 
as Se I 
• mg Se/gm Resin in mg/gm Resin (Se) qHCO, ,n 
1 1.00 200 0.71 1342 0.11 
2 2.00 200 0.74 1268.8 0.06 
3 4.00 200 2.19 1134.6 0.10 
4 5.00 200 3.43 1207 .8 0.11 
5 10.00 200 6.46 1073.6 0.12 
Table 4-9: Selenite-Bicarbonate Separation Factor For DOW 2N-Cu At pH 8.5 
,· 
·-. -~ 
Where As represents arsenic acid, Se selenious acid and C carbonic acid. Please 
note that the variation of the earlier specified ratios is indicated on the figures 
by a solid line. The deviation of the first data point in the case of arsenic(V) 
could be due to experimental error. No explanation could be provided for it. 
Please see Appendix C for a more complete definition of the various ionization 
fractions. 
Groundwaters are most often found contaminated with trace 
concentrations of arsenic and selenium. Therefore, this selective process would 
be useful in such a situation. However, they are also characterized by the 
presence of high carbonate concentrations. Thus the application of this removal 
technique would require stripping the water of all carbonate. A schematic of the 
proposed method of treatment, of high carbonate waters, in shown in Figure 
4-26. 
4.3 APPLICATIONS OF THE METHOD- SULFIDE REMOVAL 
From the fore going discussion, any species which forms a copper 
compound with a high formation or stability constant could be a target for 
removal, if this method were to be employed. Cupric Sulfide has a high 
formation constant, as indicated in Table 2-1. Thus the sulfide ion should be 
removed very efficiently by the copper loaded synthetic sorbent(DOW 2N-Cu). 
Figure 4-27 is the isotherm for sulfide uptake, using DOW 2N-Cu as the 
sorbent. A high competing ion(sulfate) concentration of 500 ppm was used. The 
pH was maintained at 10.0 to prevent volatilization of sulfide. High uptake of 
sulfide can be readily observed. The sulfide-sulfate separation factor for DOW 
2N-Cu, was determined to be around 38. Please note that this was at a pH 
when the predominant aqueous species is HS- or the bisulfide ion. The 
separation factors are presented in Table 4-12. An experiment was also 
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in rrt1/'1'1 Rea 
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5.02 
3.39 
1.24 
Aqueous phase As(V) cone = 5 mg/L as As 
Total Bicarbonate cone = 200 rng/L 
Total Carbon cone = 39.34 rng/L 
Resin Ph111 
Carbon cone, 
qc, 
in mg/gm Resin 
247.75 
122.88 
176.71 
198.11 
196.91 
Separation Fact•, 
qAI (CJ 
-,..,c = IAII qc 
0.29 
0.84 
0.23 
0.14 
0.05 
Table 4-10: Effect Of pH On The Arsenate-Bicarbonate Separation Factor For DOW 2N-Cu 
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Table 4-11: Effect Of pH On The Selenite-Bicarbonate Separation Factor For DOW 2N-Cu 
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conducted using DOW 3N-Cu. Figure 4-28 is the sulfide isotherm for this resin. 
The sulfide-sulfate separation factor, for DOW 3N-Cu, is presented in Table 
4-13. The sulfide-sulfate separation factor for DOW 3N-Cu is lower than that 
determined for DOW 2N-Cu. This supports the observed lower anion exchange 
capacity of DOW 3N-Cu as compared to that of DOW 2N-Cu. 
Thus any ligand, either organic or inorganic, which forms a copper 
compound with a high formation constant, could be a target for selective 
removal, using this method. 
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-Serial No. Aqueous Phase Aqueous Phase Resin Phase Resin Ph8le Separation Factor, 
Sulfide Cone, Sulfate Cone, Sulflde Cone, Sulfate Cone, qS (SOJ 
(S ), in mg/L (S041-J, in mg/L qs· qso · "s1so4= rs I qso ~ in mg/gm Resin in mg/f//ft Rain 
"4 
-
1 11.30 500 25.23 33.30 33.52 
2 20.80 500 37.89 25.41 35.84 
3 35.20 500 62.56 23.55 37.73 
4 42.80 500 71.50 21.42 39.02 
5 100.00 500 95.09 15.53 30.61 (, 
Table 4-12: Sulfide-Sulfate Separation Factor For DOW 2N-Cu At pH 10.00 
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Serial No. Aqueous Phase AquecNJS Phase Resin Phase Resin Phase Separation F attar, · 
Sulfide Cone, Sulfate Cone, Sulfide Cone, Sulfate Cone, qS (SOJ (S04r). in mg/L "s1so4 = (S J, in mg/L qs· qso · rs l qso • 4 in mg/gm Resin 111 mg/ fJlfl Resin 
"'A. 
1 11.30 500 14.25 49.02 12.86 
2 20.80 500 36.89 46.92 18.90 
3 35.20 500 60.06 52.73 16.23 
4 42.80 500 67.00 43.14 18.15 
5 100.00 500 91.09 23.55 19.34 
Table 4-13: Sulfide-Sulfate Separation Factor For DOW 3N-Cu At pH 10.00 
" 
Chapter5 
CONCLUSIONS RE 
5.1 BR•EF REV•F:W OF THE CONDUCTED STUDY 
Trace contamination of groundwaters by arsenic and selenium is fairly 
widespread. The removal of these species when present at low levels, in the 
presence of competing anions, is a separation problem that needs to be 
investigated. This would enable the efficient treatment of arsenic and selenium 
contaminated waters. 
In this study, an attempt was made to improve the separation of 
arsenic(V) and selenium(IV) oxy-anions from the aqueous phase, in the presence 
of sulfate and chloride, using copper loaded chelating exchangers(with pyridine 
based functionalities). 
DOW 2N and DOW 3N, in free base forms, were loaded with copper 
chloride and/or copper sulfate at pH 5.0. The modified synthetic sorbents were 
used to remove selenite and arsenate. The proposed mechanism of removal is 
ligand exchange induced sorption. 
The removal of the arsenic(V) and selenium(IV) oxy-anions was enhanced 
by making use of the high formation constants(or low solubility products) of 
copper arsenate and copper selenite(Table 2-1). Sulfide removal was also 
investigated since cupric sulfide has a high formation constant, thus enabling 
increased separation of the sulfide anion in the presence of a high concentration 
of sulfate. 
93 
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5.2 RESEARCH CONCLUSIONS 
1. Selenite and arsenate selectivity, in the presence of sulfate and 
chloride, was increased by two orders of magnitude, over that of a 
strong base anion exchange resin, by using copper(II) loaded DOW 
2N and DOW 3N(chelating polymers with a pyridine based 
functionality and a polystyrene matrix). 
2. DOW 2N-Cu showed a higher selectivity for arsenate and selenite 
compared to DOW 3N-Cu. 
3. The copper loaded chelating exchanger, DOW 2N-Cu, serves as an 
excellent sorbent for the arsenate and the selenite or biselenite 
ions, over a wide range of pH values . 
• 
4. The proposed mechanism, to explain this increased uptake, was 
anion exchange accompanied by Lewis acid-base interaction. 
5. Uptake of the selenium(N) oxy-anion, by DOW 2N-Cu, showed a 
consistent increase with increasing pH; this behavior was 
quantitatively explained using a mechanistic model. 
6. Uptake of a species would depend on the formation constant of its 
copper compound. Thus, a stronger ligand would exhibit a higher 
\ 
selectivity. This was examined by studying the uptake of arsenate 
and selenite in the presence of bicarbonate. Bicarbonate would be 
a strong competing species because of the low solubility product(or 
high formation constant) of copper carbonate as compared to 
copper arsenate and copper selenite. 
7. The uptake of arsenate in the presence of bicarbonate was low and , 
followed the same trend as the ratio of the second ionization 
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fraction of arsenic acid to that of the second ionization fraction of 
carbonic acid. Similarly, uptake of selenite in the presence of 
bicarbonate was low, and followed the same trend as the ratio of 
the second ionization fraction of selenious acid to that of the second 
ionization fraction of carbonic acid. Please note that as the second 
ionization fraction of carbonic acid increases, the aqueous phase 
concentration of total carbon as carbonate also increases. 
Therefore, the competing ion concentration increases, reducing the 
uptake of arsenate and selenite. 
8. Sulfide uptake by copper loaded DOW 2N was high, confmning the 
mechanism of ligand sorption accompanied by Lewis acid-base 
interaction. Please note that the formation constant of CuS is very 
high (~t=l.58xl035). Thus the Lewis Acid-Base interaction will 
also be very high, leading to high selectivity. 
9. Once exhausted, the sorbents could be very efficiently regenerated, 
using a 2% ammonia solution and reused over a number of cycles. 
5.3REMARKS 
1. The removal method investigated in this study could be useful for 
treating waters with trace concentrations of arsenate, selenite and 
sulfide. By concentrating these species on the solid phase, a large 
volume of contaminated water could be treated very efficiently. 
The contaminants can be immobilized without generation of 
sludge, a shortcoming of a conventional treatment technology, 
namely, coagulation. 
2. Presence of bicarbonate is a deterrent for the applicablity of this 
95 
removal method. Some groundwaters are characterized by the 
presence of high concentrations of carbonate alkalinity. The use of 
this method would, therefore, require the pretreatment of the 
contaminated water for the removal of carbonate before the 
application of the process. 
3. Further research and development would be necessary to 
deter111ine the applicability of this process under a variety of 
groundwater conditions. Experiments need to be conducted to 
determine the kinetics of arsenic and selenium uptake by the 
synthetic sorbents. 
. 
4. Other species such as oxalate, phthalate, salicylate etc., which 
form copper complexes with high formation constants, could be 
targets for removal, using this method. Thus the tailored sorbent 
is very versatile and can also be used for·the preferential removal 
of other trace species, which also act as strong ligands. 
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Appendix A 
A.I SORPTION ISOTHERMS 
Ion exchangers can sorb solutes from solutions with which they are in 
contact. Sorption is a reversible phenomenon i.e., the sorbed solute can be 
removed from the ion exchanger by washing it with a suitable solution either 
acidic or alkaline. 
Sorption isotherms describe in the form of functions or diagrams, at a 
given constant temperature, the dependence of the equilibrium concentration of 
I 
j 
the solute in the sorbent on its concentration in the external solution. The 
concentration in the sorbent is given per unit weight of blank sorbent. 
The distribution coefficient of a solute is defined as the ratio of the 
concentrations of the solute in the sorbent and in the solution: 
-11l A·= -
i m-
i 
c. 
l A~= 
l c. 
l 
Where, 
A i = The molal distribution coefficient. 
A1i = The molar distribution coefficient. 
A.1.1 
A.1.2 
~ = The concentration of solute i in millimoles per gram of 
· solvent(molality). 
Ci = The concentration of solute i in moles per liter of solvent(molarity). 
Please note that the quantities with bars ref er to the resin phase. Ci 
relates to the unit volume of the swollen sorbent. iiii is the _concentration of 
solute i in millimoles per gram of swollen sorbent. The isotherms plotted in this 
.-
study were molar isotherms and the sorbent was treated as a single quasi-
97 
homogeneous phase26. However, all uptakes are reported in terms of unit 
weight(gram basis) of the sorbent(air-dried) used. 
A2 SEPARATION FACTOR 
If two solutes are present, then the separation factor of one solute with 
respect to another, for a given resin can be defmed as: 
A· l 
a.ij = ~ A.2.1 
J 
Where, A; and Aj are the distribution coefficients of the two species. The 
distribution coefficient for each solute(or species), as defmed in Appendix A, 
being the ratio of the concentrations of the solute in the sorbent and in the 
solution. 
If a.ij is greater than unity, it follows from equation A.2.1 that A; is greater 
than \· This indicates that solute i is preferred over solute j, by the resin. 
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AppendixB 
B.I LOWER ARSENATE AND SELENITE SELECTIVITY OF 
DOW 3N-Cu AS COMPARED TO THAT OF DOW 2N-Cu 
Since DOW 2N has one pyridine functionality, it can be represented by 
one molecule of pyridine for the purpose of discussion. Similarly, DOW 3N can 
be represented by two molecules of pyridine, as it has two pyridine 
functionalities. Uptake of the copper ion by DOW 3N may be represented by the 
fallowing reaction, 
2C5H5N+Cu2+_+2Ct=(C 5H sN)2Cu2+(2Ct) B. I .I 
Selenite interchange by this resin may be represented as follows, 
(C5H5N)2Cu2+(2Cl)+Seo;-=(Csfl5N)2Cu2+(seo;-)+2Cl B.1.2 
Similarly, the reaction between DOW 2N and the copper ion may be 
represented by the following reaction, 
C5H5N+Cu2++2Ct=(C5H5N)Cu2+(2Cr) B.I.3 
Selenite interchange by this resin may be represented as follows, 
(C5H5N)Cu2+(2C/)+Seo;-=(C5HsN)Cu2+(Se0;-)+2Cl B.I.4 
For the reaction represented by equation B.1.1, the logarithm of the 
equilibrium constant is 4.45. Similarly, for the copper uptake reaction for DOW 
2N, the logarithm of the equilibrium constant is 2.56. The corresponding overall 
'\ free energy change can be calculated using the expression, 
~G0 =-RT/nK B.I.5 
Where, K is the value of the equilibrium constant. 
By substituting the values of the respective equilibrium constants, the 
overall free energy changes for the reactions represented by equation B.1.1 and 
equation B.1.3, were determined to be -885.32 Kcal/mole and -557.44 Kcal/mole, 
using equation B.1.5 with an R value of 1.99 Kcal/mole and a T value of 298 K 
99 
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The overall free energy change can be given as the difference between the 
sum of the free energies of formation of the products and the sum of the free 
energies of formation of the reactants, as shown in equation B.1.6. As the free 
energies of formation of C5H5N (43.34 Kcal/mole)18 and the cupric ion (15.66 
Kcal/mole)18 are known, the free energies of formation of the complexes, 
(C5H5N)2Cu2+ and (C5H5N)Cu2+, could be detern1ined by the stated rule and 
simple algebraic calculations. The values of the free energy of formation for 
these two compounds were detern1ined to be -782.98 Kcal/mole and -498.44 
Kcal/mole respectively. 
0 0 tlG0 overalF UG1(products)- UG1(reactants) B.1.6 
A lower value of the free energy of formation for the copper form of DOW 
3N, as compared to that for DOW 2N, indicates that it is more stable i.e., has a 
higher affinity. This was found to be true by experiment. 
The overall free energy change, tl.G0 , for the reactions represented by 
equation B.1.2 and equation B.1.4, can also be expressed in terms of the 
selectivity coefficient, Kse' as follows: 
t1G0 = -RT/nK se B.l.7 
Since the proposed mechanism of anion uptake by these resins is ion 
exchange accompanied by Lewis Acid-Base interaction, presence of a greater 
number of unsatisfied coordinate valences of the copper ion should result in 
higher anion(ligand) selectivity. As the copper ion in DOW 3N is chelated to 
three nitrogen atoms (two pyridine nitrogens and one tertiary nitrogen) it 
should have a lower coordination valence than the copper ion in DOW 2N 
(where it is chelated to one pyridine nitrogen and one secondary amine 
nitrogen). 1 Therefore, the complex between the resin bound cupric ion and the 
.. 
selenite ion will be formed more readily in the case of DOW 2N. This would 
/•. imply a lower free energy of formation for the compound. 
,., ~ 
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Thus the overall free energy change for the reaction, represented by 
equation B.1.4, will be more negative compared to that for the reaction 
represented by equation B.1.2. Using equation B.1.7, this would imply a higher 
value of K8e for DOW 2N-Cu as compared to DOW 3N-Cu. 
Although many simplifying assumptions were made, such as assumption 
of an identical matrix and assumption of interaction of the copper ion with only 
the pyridine nitrogens, lower selenite and arsenate selectivity, in the case of 
DOW 3N-Cu could be explained. 
't!>, 
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· Appendix C 
C.1 COMPUTATION OF IONIZATION FRACTIONS 
Arsenic acid, or H3As0 4, is a triprotic acid and the ref ore has three 
ionization constants as shown below. 
HaAs04 - H+ + HzAsO~ -
HzAsO~ - H+ + HAso2· - 4 
HAso2• - H+ + Aso3• 4 - 4 
For the aforementioned reactions, the pK values are 2.5, 6.77 and 11.5 
respectively. ~l,As corresponds to the fraction of total arsenic present as 
H~O~. Similarly, ~2,As and ~3,As represent the fractions of total arsenic 
2- 3-present as HAsO 4 and AsO 4 . 
Carbonic acid, or H2C03, is a diprotic acid and has two ionization 
constants. These correspond to the following reactions, 
._ 
co2• 3 
The pK values for the stated reactions are 6.3 and 10.3 respectively. ~l,C 
corresponds to the fraction of total carbon present as Hco; and ~2,c to the 
fraction of total carbon present as co!·. 
Selenious acid, or H2Se03, is a diprotic acid and has two ionization 
constants. These correspond to the fallowing reactions, 
The pK values for the stated reactions are 2.4 and 7.9 respectively. ~l,Se 
,and ~2,se correspond to the fraction of total selenium present as HSeo; and 
2-Se03. 
r '""' 
For a general diprotic acid, HzA, the concentrations of the species, HA· 
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and A2·, are given by the following expressions: 
C.1.1 
C.1.2 
Where ~ 1 and K8 2 stand for the first and the second ionization 
' ' 
constants of the acid and CT ,A is the total concentration of the diprotic acid. 
Similarly, for a general triprotic acid, H3A, the concentrations of the 
species, H0-, HA2- and A3-, are given by the following expressions: 
C.1.3 
{ HA2• 1 = C T,A / 1 
\ ([H+] 2/K1.,K •. :J + ([H+]fK •. :J + I + (K1 ,3/[H+]) C.1.4 
(. A3· J = C T,A C.1.5 
Where, Ka 1, Ka 2 and ~ 3 stand for the first, second and third ionization 
' ' ' 
constants, respectively, for the acid H3A. CT,A is the total concentration of the 
triprotic acid. 'Fable C-1 gives the second ionization fraction for arsenic acid and 
carbonic acid at various pH values. These values were used to generate the 
,, 
solid line in Figure 4-24. Similarly, Table C-2 gives the second ionization 
', 
fraction for selenious acid and carbonic acid at various pH values. These values 
were used to generate the solid line in Figure 4-25 . 
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,~-:YI No. pH ~ 2,As , 2,C ~ , 2.t 2,As 
1 6.0 0.145 l.673Xlo-5 8667.07 
2 7.0 0.629 4.176XI0-4 1506.23 
3 8.2 0.964 7.784Xl0-3 123.85 
4 9.0 0.992 4.764Xto-2 20.83 
s 10.0 0.976 0.334 2.92 
Table C-1: Second Ionization Fraction For Arsenic Acid At Different pH Values 
Serial No. pH 
'2,Se , 2,C '2,Se , 2,( 
1 5.5 3.96Xlo-3 2.11x10-6 1826.37 
2 7.0 0.112 4.18X10-4 267.69 
3 8.0 0.557 4.89Xto·l 113.97 
4 9.0 0.926 0.048 19.45 
5 10.5 0.998 0.613 1.63 ~ ,.
Table C-2: Second Ionization Fraction For Selenious Acid At Different pH Values 
It was attempted to predict the arsenate uptake using the ratio of ~3,As to 
that of ~2,c. Table C-3 tabulates the value of the ratio at different pH values. 
From Figure C-1, it can be seen that this ratio does not follow the same trend as 
the arsenate uptake. The variation of this ratio with pH, is indicated by a solid 
line in the Figure C-1. 
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1~ial No. pH ~ 
, 2,C ~ 3,As 3,As 
1 6.0 7.326xlo-6 1.673X10-5 0.433 
2 7.0 l .58lx10-5 4.176Xl0-4 0.038 
3 8.2 3.837xlo-4 7.784X10-3 0.049 
4 9.0 2 .. 491xlo-3 4.764Xlo-2 0.052 
7-...,, 
5 10.0 2.449xlo-2 0.334 0.073 
Table C-3: Third ionization fraction For Arsenic Acid At Different pH Values 
·,:-
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Figure C-1: Uptake Of Arsenate In The Presence Of 
Bicarbonate At Various pH values 
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AppendixD 
D.l 'fHEORETICAL COMPUTATION OF SELENIUM 
UPTAKE 
The total selenium uptake by the resin can be given by the following 
• 
expression: 
qSe = qi+ qi/ D.1.1 
For the sake of simplicity, qHSeo· will be referred to as q1, and q8002- as 3 3 
q11. q1 and q11 can be computed using equation 4.1.8 and equation 4.1.9 
respectively . The values of K1 and K11, as indicated in Table 4-5, are 76.621 and 
20.114 respectively. The total aqueous phase selenium concentration, CT Se was 
' 
taken to be 2.53x10-2 mmole/L. The aqueous phase sulfate concentration was 
taken to be 2.604 mmole/1. Since these were the concentrations used in the 
experiment. Using equation 4.1.8 and equation 4.1.9 and the stated values of 
total selenium and sulfate concentrations, and K1 and K11, q1 and q11 can be 
computed using the following expressions: 
D.1.2 
D.1.3 
From the e;xperimental data, it was found that the quantity, (qSe + q80 ), 4 ·1; 
• 
was fairly constant and had a value of 0.9768 mmole/gm Resin. Therefore, the 
following expressions were used to calculate q1 and q11: 
qi= 29.424 ~e1[0.9768-q1] 
q11 = 7.724 Cse2 [0.9768-q11] 
The calculations are tabulated in Table D-1. 
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D.1.4 
D.1.5 
Serial No. pH C5,1 C5,2 
(mmole/L) (mmole/L) 
1 3.0 2.022xJo-2 
-
2 4.0 2.467x10-2 
-
3 5.0 2.520xto-2 
-
4 6.0 2.498xto-2 
-
5 6.5 2.433xlo-2 9.70xlo-4 
6 7.5 1.810x10-2 7.20xto-3 
7 8.0 1.l20xl0-2 l.410xlo-2 
8 9.0 l.861x10-3 2.34xlo-2 
9 10.0 
-
2.SlOxl0-2 
., 
10 11.0 2.530xto-2 
qSe = q I+ q II 
Total resin phase selenium cone, in mmole/gm = qSe 
Table D-1: Theoretical Uptake Values For Selenium 
-·- -- ·- ·---- - "-- -----
q I q II 
mmoje/gm Resin mmole/gm Resin 
1.161x10-2 
-
l.718xt0·2 
-
1. 792xto·2 
1.762xto·2 
-
l.672xto-2 7.264xto·l 
9.320xlo-3 5.146xlo-2 
3.68xto·l 9.590xlo-2 
-
l.497xlo-1 
1.596xto·l 
1.596xlo-1 
I-' ' 
. " 
.....-------------------------~~~-----
" 
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